a9y United States
12y Patent Application Publication o) Pub. No.: US 2012/0056081 A1

Kozodoy

US 20120056081 A1

43) Pub. Date: Mar. 8, 2012

(54)

(75)

(73)

(21)

(22)

(60)

LIGHT-TRACKING OPTICAL DEVICE AND
APPLICATION TO LIGHT CONCENTRATION

Inventor: Peter Kozodoy, Palo Alto, CA (US)

Assignee: GLINT PHOTONICS. INC., Palo
Alto, CA (US)

Appl. No.: 13/215,271

Filed: Aug. 23, 2011

Related U.S. Application Data

Provisional application No. 61/402,968, filed on Sep.

7, 2010.
13
J\

N
N
R T T
L )
e
T T A
- - I T T
- a -
L
L -
BT PR T T
]

Publication Classification

(51) Int.CL

GO2B 6/32 (2006.01)

GO2B 6/032 (2006.01)

GO2B 6/42 (2006.01)

GO2B 6/26 (2006.01)

GO2B 6/34 (2006.01)
(52) US.CL ... 250/227.25; 385/31; 385/36; 385/33
(57) ABSTRACT

An automatic optical coupling device that uses liquid to
couple focused light into a light-guide 1s described. The liquid
moves within a chamber or layer via the thermocapillary
elfect 1n order to automatically track and couple a moving
spot of focused light. Also provided 1s the application of these
coupling devices 1n an array feeding into a common light-
guide, optical designs to improve the performance of these

arrays, and the application of such arrays to light collection.
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Figure 1a (prior art)
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Figure 2b
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Figure 4
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Figure 6
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Figure 14
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Figure 16
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LIGHT-TRACKING OPTICAL DEVICE AND
APPLICATION TO LIGHT CONCENTRATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of the filing date of
U.S. Provisional Patent Application Ser. No. 61/402,968,
filed on Sep. 7, 2010 and titled “Light-Tracking Waveguide
Couplers and Application to Solar Light Concentration”,
which 1s incorporated herein for any and all purposes.

TECHNICAL FIELD

[0002] The present invention relates to optics, specifically
to optical systems for coupling focused light into a light-
guide.

BACKGROUND

[0003] The coupling of light into a light-guide 1s a common
requirement 1n optical systems emploved 1n a range of appli-
cations including telecommunications, illumination, diag-
nostics, and solar energy collection. Light-guides generally
include a core region of high refractive index surrounded by
a cladding region of lower refractive index (which may be air
or vacuum). Light rays that undergo total internal reflection at
the interface between these two regions are trapped within the
light-guide and can be routed along the light-guide to desired
output locations. Light-guides are often fabricated as fibers or
as planar slabs, but can also be formed in other geometries.
Light 1s introduced into the light-guide at one or more cou-
pling locations, where the light rays can be captured into
guided modes of the light-guide. Often, light 1s focused onto
the coupling location so that a high intensity of light can enter
the guide at a small coupling location. For high-efficiency
light coupling, precise alignment of the focused light to the
coupling location 1s required. The need for precise alignment
of an optical system adds considerable expense and compli-
cation to the assembly process. Furthermore, the system
alignment must be re-established 1f the incoming light
changes 1n position or direction.

[0004] One use of light-guides 1s 1n solar energy concen-
trators that gather light from an array of concentrating lenses
or minors and direct it onto a receiving element, such as a
photovoltaic cell. These light-guide concentrator designs
have an advantage compared to traditional solar concentrat-
ing optics 1n that individual recervers need not be positioned
at the focal point of each concentrating lens; instead, a single
receiver can be positioned at the end of the light-guide to
receive the collected light from many concentrating elements.
In one prior art light-guide concentrator design, disclosed 1n
U.S. Pat. No. 7,672,549, an array of concentrating elements 1s
positioned above a light-guide. At the focal point of each
concentrating element, a coupling site includes a mirrored
facet 1n the light-guide that redirects the focused light so that
it 1s captured by the light-guide. In order to couple this light
into the light-guide without also incurring some loss of light
captured from other lenses, the modal volume of the light-
guide 1s increased at each coupling site. Similar prior art

light-guide concentrator designs are disclosed in U.S. Pat.
No. 7,817,885 and International Application No. PCT/

US2009/034630, both of which describe concentrators fea-
turing a sheet of concentrating lenses above a stepped or
planar light-guide, with reflecting surfaces located at the focal
points of the lenses 1n order to couple the focused light 1nto
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the light-gmde. A fourth prior art light-guide concentrator
design, disclosed 1n International Application No. PCT/
US2009/057567 and illustrated 1n FIG. 14, also uses a planar
light-guide 11 of constant modal volume and an array of
concentrating elements 12. Coupling sites 14 are provided
with a mechanism to reorient the concentrated lightrays 13 so
that they couple into gumided modes of the light-guide. As
illustrated 1n FI1G. 15, one design provided for a coupling site
14 1s a sawtooth “fold” mirror 15 fabricated on the light-guide
in a small area at the focus of each lens. This fold minor 15 1s
constructed with a 120° sawtooth design to deflect a normally
incident cone of light rays 13 by +60° or —60° so that they will
couple mnto the light-guide. The need for precise optical align-
ment 1 each of these concentrator systems complicates their
manufacture. In cases where the light source 1s not stationary,
for example 1n the collection of solar light, the systems are
repositioned during operation by a mechanical tracker (not
shown), which can be connected to or incorporated into the
systems, 1n order to follow the motion of the light source (1.e.,
the sun, 1n the case of solar light collection). I the concen-
trator 1s not properly oriented with respect to the angle of
incident light, the spot of focused light will no longer fall on
the coupling minor 15 and therefore will not be captured by
the light-guide.

[0005] Passive solar trackers have been designed using
materials that move or change shape due to differential heat-
ing in the sun. Exemplary materials include evaporative 1ig-
uids, bimetallic strips, and shape memory alloy. These sys-
tems are powered by incident sunlight and mechanically
re-orient the entire solar energy system to face the sun.

[0006] The field of microfluidics investigates devices 1n
which small amounts of liquid are controllably moved within
confined volumes; the term “optofluidics” 1s sometimes used
to describe such devices designed to achieve optical effects.
International  Application No. PCT/US2009/057567
describes the use of optofluidics to provide automatic solar
tracking 1 a planar concentrator design. The document
describes a scheme in which the electric field of concentrated
light was used to trap nanoscale particles suspended 1n a tluid,

thereby raising the refractive index of the fluid at the location
of focused light.

[0007] A mechanism that can be used to manipulate flmids
1s the thermocapillary effect, in which a temperature gradient
1s 1imposed upon a fluidic system. The surface tension of a
fluid (or the interfacial tension between two immiscible or
partially miscible fluids) 1s dependent on temperature, so a
temperature gradient across a fluid surface or interface will
result 1n uneven surface tension that produces a net force and
causes fluid movement. When a thermal gradient 1s imposed
upon a layer of fluid, the spatially varying tension causes
convection to occur within the layer, and 1n a thin fluid film
these forces can result 1n local thinning or even rupture of the
f1lm. When a thermal gradient 1s applied to a droplet, unequal
tension on opposite sides of the droplet can cause it to
migrate. Using this technique, a droplet may be moved within
an air or vapor environment, a gas bubble may be moved
within a liguid environment, or a liquid droplet may be moved
within an immiscible or partially miscible fluid. Droplets and
vapor bubbles can be stably captured at hot or cold spots. The
direction and speed of fluid movement 1s a function of the
temperature gradient, the geometry of the system, the contact
angle of the liquid or liquids upon the surface or surfaces, the
viscosity of the liquid or liquids, and the sign and magnitude
of the change 1n interfacial tension with temperature.
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[0008] The thermocapillary effect has been exploited to
control fluid flow 1n some microfluidic devices. In various
experiments, the temperature gradient generally was
obtained either by using resistive heating elements or by
shining light from a laser or high-intensity lamp onto an
absorbing element or fluid. Large temperature gradients
resulted in rapid movement of the fluid interface, and convec-
tion currents were generated in the bulk liqud or liquids.

SUMMARY

[0009] In one aspect, an apparatus configured to couple
light into a light-guiding structure 1s described. The apparatus
includes a fluid tracking layer located between a reorienting
clement and a light-guiding layer, the fluid tracking layer
comprised of a cladding fluid layer and a coupling fluid layer.
The light-guiding layer 1s capable of transporting light 1n a
first direction through a bulk portion of the light-guiding
layer. In the absence of a narrow light beam 1ncident on the
reorienting element, the cladding fluid layer 1s comprised of a
continuous layer substantially free of any voids or apertures.
In the presence of a narrow light beam 1ncident on the reori-
enting element and forming a coupling location, the cladding
fluid layer 1s comprised of an aperture at or adjacent to the
coupling location. The aperture may be at least partially filled
with coupling fluid of the coupling fluid layer.

[0010] Inanother aspect, an apparatus configured to couple
light into a light-guiding structure 1s described. The apparatus
includes a light-guiding layer capable of transporting light 1n
a first direction through the light-guiding layer and a coupling
region adjacent to or within the light-guiding layer and serv-
ing to couple incoming light into the light-guiding layer at a
substantial angle relative to a propagation direction of the
incoming light. The coupling region 1s located at or adjacent
to a local temperature extremum within the light-guiding
structure. The position of the coupling region can be adjusted
by varying the location of the local temperature extremum.
[0011] In yet another aspect, an apparatus configured to
couple incident light mnto a light-guiding structure 1is
described. The apparatus includes a cladding fluid layer hav-
ing a first refractive index adjacent to a light-gmding layer
having a second refractive index. The light-guiding layer 1s
capable of transporting light 1n a first direction through a bulk
portion of the light-guiding layer. The apparatus further
includes a coupling droplet having a third refractive index at
least partially 1n the cladding fluid layer. The coupling droplet
1s formed of a fluid which 1s different from, and immaiscible or
partially miscible with, the fluid of the cladding fluid layer.
[0012] Implementations of the various apparatuses may
include one or more of the following features. The apparatus
can include a coupling fluid layer between the reorienting
clement and the light-guiding layer. The aperture can be filled
or partially filled with coupling fluid of the coupling fluid
layer. The cladding fluid layer can be between at least a
portion of a coupling fluid layer and the light-guiding layer.
The coupling fluid layer or the cladding fluid layer can be
contained within a chamber having a chamber sidewall. The
apparatus can further include a plurality of chambers, where
cach chamber includes a coupling fluid layer or a cladding
fluid layer. At least a portion of the coupling fluid layer can be
between the cladding fluid layer and the light-guiding layer.
The coupling fluid layer 1n combination with the light-guid-
ing layer can serve to guide light through the light-gmiding
structure, the guided light being transported through the bulk
portion of the light-guiding layer and through a bulk portion
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of the coupling flmid layer. The apparatus can further include
an absorbing fluid layer between the reorienting element and
the light-guiding layer. The coupling tluid layer 1s comprised
of a first fluid and the cladding fluid layer 1s comprised of a
second fluid that 1s immuiscible or partially miscible with the
first fluid. The coupling fluid and the cladding fluid may be
selected from the group of materials consisting of aqueous
solutions, water-soluble fluids, hydrocarbon oils, silicone
oils, organic compounds, and fluorocarbon oils. The light-
guiding layer can have a first refractive index; the cladding
fluid of the cladding fluid layer can have a second refractive
index which 1s less than the first refractive index; and the
coupling tluid of the coupling fluid layer can have a third
refractive index which 1s greater than the second refractive
index. The reorienting element can be configured to detlect
the incident light beam into the light-gmiding layer at a sub-
stantial angle relative to a propagation direction of the 1nci-
dent light beam. The light-gmiding layer can include glass or
a polymer. The reorienting element can be a reorienting layer.
The reonienting layer can retlect or refract incident light.
Different portions of the reorienting layer can be configured
to deflect incident light at different angles. The reorienting
layer can be formed of a substantially non-porous material. A
surface of at least one of the reorienting layer and the light-
guiding layer can be coated with a coating that changes a
wetting property of the surface. The reorienting layer can be
a transmissive layer, and can be configured to be positioned
between the light-guiding layer and the incident focused
light. The reorienting layer can include a prism array. The
reorienting layer can be a reflective layer which includes a
sawtooth mirror. The sawtooth minor can be configured to
couple 1ncident light that 1s tilted away from perpendicular
incidence by an average angle o into the light-guiding laver,
such that individual minors of the sawtooth mirror form
angles of 30°+0/2 relative to a plane of the reorienting layer.
The coupling region can be located at or adjacent to a local
temperature extremum within the light-guiding structure. A
portion of the incident focused light can be absorbed at or
adjacent to the coupling location. The absorption of the 1nci-
dent focused light can result in a local temperature maximum
at or adjacent to the coupling location. The light coupled into
the light-guiding structure can be sunlight or laser light.

[0013] Thelocal temperature extremum can be a local tem-
perature maximum. The local temperature maximum can
result from heating by absorption of the incoming light. The
incoming light can be focused incoming light or laser light.
The coupling region can be selif-aligned with the focused
incoming light or laser light. A cross-sectional area of the
coupling region can be substantially smaller than a cross-
sectional area of the light-guiding layer. The light-guiding
layer can include a fluid containing one or more reorienting
clements. The apparatus can further include a cladding wall
layer contacting a side of the light-guiding layer. The reori-
enting elements can be droplets or bubbles. The apparatus can
turther include a device configured to accept the light trans-
ported through the light-guiding layer after 1t exits the light-
guiding layer. The device can be a photovoltaic cell or a
photodetector. The device can be configured to accept light of
a range of wavelengths, with the light-guiding layer being
largely transparent to light having a wavelength within the
range ol wavelengths. The apparatus can further include a
fluid tracking layer adjacent to the light-guiding layer. The
fluid tracking layer can include one fluid or two or more
immiscible or partially miscible fluids. The coupling region
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can be at least partially within the fluid tracking layer. The
fluid tracking layer can include a cladding fluid layer having
a lower refractive index than a refractive index of the light-
guiding layer. The apparatus can further include a reorienting
clement serving to reorient light which 1s coupled into the
light-guiding structure. The apparatus can further include a
focusing element serving to focus light which 1s coupled into
the light-guiding structure. The focusing element can include
one or more lenses or one or more mirrors. The focusing
clement can include a plurality of lenses or minors, with the
lenses or minors being arrayed along a curved surface. A
device can include at least two segments, each of the at least
two segments including or being formed of any of the appa-
ratuses. The at least two segments can be coupled to each
other and configured 1n varying orientations. The light-guid-
ing structure can be planar or curved.

[0014] The coupling droplet can move through the cladding
fluid layer. The refractive index of the light-guide layer and
the refractive index of the coupling fluid can each be greater
than the refractive index of the cladding fluid. The apparatus
can be configured such that the incident light 1s coupled into
the light-guiding layer at a substantial angle relative to a
propagation direction of the incident light. The apparatus can
turther include a reorienting element serving to reorient light
which 1s coupled into the light-guiding structure. The reori-
enting element can be a reorienting layer. The coupling drop-
let can further serve to redirect the incident light. The clad-
ding fluid layer can be contained within a chamber having a
chamber sidewall. The apparatus can further include a plural-
ity of chambers, where each chamber includes a coupling
droplet. The apparatus can further include an absorbing layer.
The absorbing layer can be a fluid absorbing layer. The light-
guiding layer can be a fluid light-guiding layer. The apparatus
can further include a wall layer contacting the fluid light-
guiding layer. The wall layer can be a cladding layer having a
refractive index which 1s smaller than the refractive index of
the tluid light-guiding layer. The wall layer can be an addi-
tional light-gmiding layer having a refractive index which 1s
about the same as or greater than the refractive index of the
fluid light-guiding layer. The coupling droplet can be at least
partially 1n the fluid light-gmiding layer. A thickness of the
cladding fluid layer can vary throughout the layer. The light-
guiding structure can be curved. The apparatus can further
include one or more lenses configured to focus the incident
light. A focal plane of at least one of the one or more lenses
can be curved, and the light-guiding structure can lie along
the curved focal plane of the at least one of the one or more
lenses.

[0015] In yet another aspect, a coupling device which pro-
vides a self-aligning mechanism for low-loss coupling of
focused light into a light-guide 1s provided. The device uses
microtluidic chambers containing one or more liquids. Cou-
pling into the light-guide may occur only over a small portion
or portions of the light-guide area, while the remainder of the
area provides low-loss propagation of guided light. The cou-
pling sites can automatically align with the location of the
focused light via the thermocapillary efiect, a physical phe-
nomenon which produces fluid movement as a result of sur-
face or interface tension variation due to local temperature
changes. Partial absorption of the focused light causes the
formation of a local hot-spot and a surrounding temperature
gradient, which drive the thermocapillary effect.

[0016] It 1s a further object of this invention to provide the
application of arrays of such coupling devices on a common
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light-guide, matched with static focusing optics, to produce a
tracking direct-beam optical energy collection system. The
light-tracking movement of the coupling sites within the
devices allows the optical system to adjust 1n order to capture
direct-beam optical energy from a range of incidence angles.
The mvention also provides principles for designing both the
static focusing optics and the complete system geometry 1n
order to extend the range of incident light angles that can be
captured by the array system. When used with direct-beam
optical energy from the sun, this optical system provides a
tracking solar energy collection system. The tracking solar
energy collection system may be used either with or without
an external mechanical tracking device. The automatic track-
ing provided by the coupling devices can reduce or eliminate
the need for mechanical trackers, greatly reducing the cost of
concentrating solar energy collection systems and simplify-

ing the system design. The tracking direct-beam optical
energy collection system may also be used to capture energy
from other light sources, such as a laser beam used to transmiut
energy from a remote location.

[0017] In one implementation, an optical system that
includes an array of fixed focusing lenses and a coupling
device surrounding a central transparent light-guide (or light-
guiding layer) 1s disclosed. The position and angular orienta-
tion of the lenses are varied across the array to provide effi-
cient focusing and coupling of light into the light-guide at a
broad range of incidence angles. Between the light-guide and
the lens array, a layer of transparent material with lower index
of refraction than the light-guide serves as cladding to confine
light within the light-guide. The coupling device contains two
immiscible or partially miscible liquids of different refractive
indices that form a layered structure. The layer of liquid with
low refractive index 1s adjacent to the light-guide, while the
layer of liquid with higher refractive index 1s adjacent to a
sawtooth reflecting surface located at the focal plane of the
lens. The sawtooth surfaces reflect focused light from the
lens, reorienting the rays so that they may pass into the guided
modes of the light-gmide. Direct-beam light passes through
the lenses and the light-guide and 1s focused onto this reori-
enting layer. Local heating of the surface due to partial
absorption of the focused light creates a temperature gradient,
which causes the film of low refractive index fluid to thin and
eventually rupture at the hot spot, while the film of high
refractive index fluid thickens at the hot spot, coming into
contact with the light-guide when the low refractive index
fluid film ruptures. The liquid of high refractive index thereby
enables the reflected light to couple into the light-guide at this
coupling site, while at other locations the undisturbed low-
index fluid layer provides light-guide cladding. If the hot spot
1s removed, or moved to another location, the interface ten-
s1on between the two liquids will cause the layer structure to
re-form. It the angle of mncident light changes over time, the
location of focused light will change and the coupling site will

follow 1t due to the local heating always present at the location
of focused light.

[0018] A further understanding of the nature and advan-
tages of the present invention may be realized by reference to
the remaining portions of the specification and the drawings.

DESCRIPTION OF DRAWINGS

[0019] FIG. 1a provides a cross-sectional view of a light-
guide solar concentrator of the prior art.
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[0020] FIG. 15 provides a cross-sectional view of a cou-
pling mirror utilized 1n the light-guide solar concentrator of
FIG. 1a.

[0021] FIG. 2a provides a cross-sectional view of a cou-
pling device with a retracting cladding fluid layer design and
a reflective reorienting surface, shown in the absence of
focused light.

[0022] FIG. 26 provides a cross-sectional view of the cou-
pling device shown i FIG. 24 1n the presence of focused
light.

[0023] FIG. 2¢ provides a perspective view of the coupling
device shown 1n FI1G. 2a with the reorienting layer omitted for
clanty.

[0024] FIG. 3 provides a cross-sectional view of an

example sawtooth minor reflective reorienting layer designed
for light incident at average angle a.

[0025] FIG. 4 provides a cross-sectional view of a coupling
device with a retracting cladding fluid layer design and a
transmissive reorienting surface, shown in the presence of

focused light.

[0026] FIG. 5 provides a cross-sectional view of a prism
array reorienting layer.

[0027] FIG. 6 provides a cross-sectional view of a coupling
device with a coupling layer that can function as a fluid
light-guide layer, along with a retracting cladding tluid layer,
shown 1n the presence of focused light.

[0028] FIG. 7 provides a cross-sectional view of a coupling
device with three fluid layers, shown i1n the presence of

focused light.

[0029] FIG. 8 provides a cross-sectional view of a coupling
device with a high-index coupling droplet and a transmissive
reorienting layer.

[0030] FIG.9provides a cross-sectional view of a coupling
device with a high-index coupling droplet and a retlective
reorienting layer.

[0031] FIG. 10 provides a cross-sectional view of a cou-
pling device with a high-index transmissive reorienting drop-
let.

[0032] FIG. 11 provides a cross-sectional view of a cou-
pling device with a high-index reflective reorienting droplet
and a highly-absorbing layer.

[0033] FIG. 12 provides a cross-sectional view of a cou-
pling device with a high-index coupling droplet, cladding
fluid, and a highly-absorbing tluid.

[0034] FIG. 13 provides a cross-sectional view of a cou-
pling device with a fluid light-guide layer and reorienting,
droplets.

[0035] FIG. 14 provides a cross-sectional view of a cou-
pling device with a reonienting element suspended at the
interface of two fluid layers.

[0036] FIG. 15 provides a cross-sectional view of a cou-
pling device with variable chamber height.

[0037] FIG. 16 provides a cross-sectional view of a cou-
pling device with a curved chamber and light-guide.

[0038] FIG. 17 provides a cross-sectional view of an
example application of the coupling device of FIG. 2 1n a
system with an array of focusing lenses.

[0039] FIG. 18 provides a cross-sectional view ol an
example application of the coupling device of FIG. 14 1n a
system with an array of focusing mirrors.

[0040] FIG. 19 provides a cross-sectional view of an
example application of the coupling device of FIG. 9 1n a
system with an array of lenses on a curved light-guide.
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[0041] FIG. 20 provides a cross-sectional view of an
example system with a focusing sawtooth mirror surface that
provides both light focusing and light ray reorientation.
[0042] FIG. 21 provides a cross-sectional view of a system
in which lenses that are arrayed on a curved surface focus
light onto a common planar light-guide and tracking layer.
[0043] FIG. 22 provides a cross-sectional view of a system
in which segments of a planar concentrator are positioned at
varying angles.

[0044] FIG. 23 provides a cross-sectional view of a system
in which a concentrator system 1s formed in a curved shape.
[0045] FIG. 24 provides a cross-sectional view of a system
in which the position and angle of the concentrating lenses 1s
varied on a small scale and the entire concentrator system 1s
formed 1n a curved shape.

[0046] FIG. 235 provides a perspective view of an optical
energy collection system featuring a planar array of lenses to
focus light from a light source and a receiver mounted on the
edge of the light-guide. The system 1s attached to a supporting
mount that may feature a mechanical tracking capability.
[0047] FIG. 26 provides across-sectional view of an optical
energy collection system employing lenses arrayed on a
curved surface and with a receiver mounted on the bottom
face of the light-guide.

[0048] Like reference symbols 1n the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0049] Described herein are devices which provide a seli-
aligning mechanism for low-loss coupling of a narrow beam
of light (for example focused light or a narrow laser beam)
into a light-guide. A narrow light beam 1s one with a substan-
tially smaller cross sectional area, for example at least 5 times
smaller, atleast 10 times smaller, or at least 100 times smaller,
than the surface of the device that the light beam 1s incident
on. In some cases, the device 1s divided into or includes one or
more chambers, and the narrow light beam has a substantially
smaller cross sectional area, for example at least 5 times
smaller, atleast 10 times smaller, or at least 100 times smaller,
than the surface of the chamber upon which 1t 1s incident. A
number of implementations are described. Each implemen-
tation includes one or more of the following elements: (1) a
light-guiding layer or layers which may be made of a solid,
liquid, or gas, or combinations thereof, and 1s preferably
largely transparent at the wavelengths of light that are desired
for collection (1.e., the light-guiding layer does not substan-
tially absorb the wavelength of light that 1s desired to be
transported through the bulk of the light-guiding layer); (11) a
light-reorienting element or layer that reorients the focused
incoming light rays so that they can be captured into the
guided modes of the light-guiding layer; (111) an absorbing
medium, which may be one of the other layers described
herein, that provides partial or complete absorption of the
incident focused light and thereby generates local heating;
and (1v) a tracking chamber or layer containing at least one
fluid and where fluid movement is created by local heating. As
used herein, a “fluid” 1s a non-rigid element or compound,
typically a liquid or gas. Motion of a fluid can be character-
1zed as viscous or non-viscous flow. In some 1mplementa-
tions, the fluid movement created by local heating results
from the thermocapillary etffect. Implementations may also
include additional elements such as specific means for focus-
ing the incident or mcoming light, one or more layers of
material with low refractive index that serve as optical clad-
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ding for the light-guide, materials with specific thermal con-
ductivity characteristics, and sidewalls within the tracking
layer that divide the fluid 1nto small chambers (the “chamber
sidewalls”). The tracking coupling device designs can be
applied to couple light from a single focused light source into
a light-guide, or to couple light from an array of many such
light sources mto a common light-guide. The designs can be
used with light-guides of various geometries, including pla-
nar light-guides and cylindrical fiber geometries. The
descriptions and figures below focus on application to a pla-
nar light-guide fed by an array of close-packed focusing
clements, but other applications of the same principles and
designs are also possible. The figures are schematics intended
to 1llustrate the operation of the device, and are not necessar-
i1ly drawn to scale.

[0050] Coupling Device Designs with Retracting Cladding
Fluid
[0051] As illustrated in FIGS. 2a, 25, and 2¢, an apparatus

for coupling light into a light-guiding structure can include a
multimode light-guide 11 (herein a light-guiding layer 11), a
fluid tracking layer 16 located adjacent to the light-guiding
layer 11, and an optically-active layer (“reorienting layer™) 23
adjacent to the fluid tracking layer 16 that re-orients incident
light rays so that they can enter the light-guiding layer 11 of
the light-guiding structure. The light-gmding layer 11 1s made
ol a material that 1s largely transparent at the wavelengths of
light that will be captured and transported, or are desired to be
transported, through a bulk portion of the light-guiding layer
11. That 1s, the light-guiding layer 11 may absorb less than
20%, less than 10%, less than 5%, or less than 1% of light that
1s transported through the light-guiding layer. Or, the light-
guiding layer 11 may transport light to a device, such as a
photovoltaic cell or a photodetector, which 1s configured to
accept light of a range of wavelengths, and the light-guiding
layer 11 absorbs less than 20%, less than 10%, less than 5%,
or less than 1% of light within the given range of wavelengths
that 1s transported through the light-guiding layer. Light-
guiding layer 11 may, for example, be made of glass, or a
transparent polymer such as plastic. The fluid tracking layer
16 1s composed of two immiscible or partially miscible fluids
that form a layered structure. The fluid adjacent to the light-
guiding layer 11 1s the “cladding fluid” 21 and 1s typically of
lower refractive index than the light-guiding layer 11, 1n order
to provide cladding to the light-guiding structure and keep
guided light which 1s being transported through the light-
guiding layer 11 confined, for example through total internal
reflection. Fluid layer 22 1s the “coupling fluid” and 1s typi-
cally of higher refractive index than the cladding fluid, and
preferably has a refractive index which 1s about the same as or
larger than that of the light-guiding layer 11. As illustrated 1in
FIG. 2¢, which1s aperspective view of the apparatus of FIGS.
2a and 2b (with the reorienting layer 23 omitted for the sake
of clarity), the coupling flmd layer 22 is separated into a
plurality of chambers 29 with chamber sidewalls 25. While
the chambers 29 are each shown to be directly contacting one
another, there can be some spacing between each of the cham-
bers, although the design of the apparatus 1s modified to
accommodate spacing between chambers, as will be
described below. The chambers 29 may be rectangular 1n
shape, as shown 1 FIG. 2¢, or be formed 1n any other shape
(such as circles or hexagons).

[0052] Examples of immiscible or partially miscible fluids/
liquids that could be used 1n the coupling fluid layer 22 or
cladding fluid layer 21 are aqueous solutions, water-soluble
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fluids, hydrocarbon oils, silicone o1ls, organic compounds,
and tluorocarbon oils. If the cladding fluid of cladding fluid
layer 21 1s an aqueous solution or a fluorocarbon o1l 1t may
feature a refractive index of approximately 1.3, while a cou-
pling fluid of coupling fluid layer 22 of alkane or silicone o1l
may feature a refractive index between approximately 1.4 and
1.6. The focused light can be provided by optical elements
that are external to the device, for example an array of lenses.
The device design may be tailored to optimize coupling per-

formance depending on the characteristics of the focused
light source, as further described below.

[0053] The apparatus illustrated 1n FIGS. 2a, 25, and 2c¢
operates as follows. Referring to FIG. 2a, when no substantial
amount of light 1s incident on the apparatus, and when the
apparatus 1s not otherwise subject to any local heating or local
temperature gradients that result 1n a local temperature maxi-
mum, the cladding fluid layer 21 1s a continuous layer sub-
stantially free of any voids or apertures. The cladding tluid
layer 21 hence provides optical cladding along the entire
cross-sectional area over which the fluid tracking layer 16
contacts the light-guiding layer 11, such that substantially all
light propagating through the light-guiding layer which 1is
incident on the interface between the light-guiding layer 11
and the fluid tracking layer 16 1s reflected back into the
light-guiding layer 11.

[0054] Referring to FIG. 25, a coupling location or cou-
pling region 24 (herein a coupling location 24) 1s defined by
a focused light beam 13 incident on the light-guiding struc-
ture. That1s, any region in the light-guiding structure at which
a focused light beam 1s 1ncident 1s defined as a coupling
location. As such, as the location(s) at which focused light 1s
incident on the light-guiding structure varies, the position(s)
of the coupling location(s) 24 varies accordingly.

[0055] When a focused beam of light 13 1s incident on the
light-guiding layer 11 from the side 17 opposite the fluid
tracking layer 16, the light passes through the light-guiding
layer 11 and through the entire thickness of the fluid tracking
layer 16, and 1s reflected at a substantial angle from the
incoming beam by the reorienting layer 23. As used herein, 1n
reference to deflection of incoming light which 1s coupled
into a light-guiding structure, a “substantial angle™ 1s an angle
suificient for the light which enters the light-guiding layer to
undergo total internal reflection and remain confined in the
light-guiding layer as 1t propagates through the light-guiding
structure. That 1s, 1n the absence of an element that reorients
the ncoming light, the incoming light may not be incident at
an angle that allows for coupling 1nto the light-gmiding layer
such that the light can be confined within the light-guiding
layer through total internal reflection. Hence, a substantial
angle 1s one which 1s at least large enough to msure that the
light undergoes total internal reflection once 1t 1s coupled nto
the light-guiding layer. A portion of the incident light beam 1s
absorbed, either in the light-guiding layer 11, in the fluid
tracking layer 16 (i.e., 1n the cladding fluid layer 21 and/or
coupling fluid layer 22), or by the reorienting layer 23, or 1n
some combination of these layers, thereby causing local heat-
ing at the coupling location 24. The cladding fluid of the
cladding fluid layer 21 1s designed or configured to tlow away
from the hot spot, thereby resulting in an aperture being
formed 1n the cladding fluid layer 21 at the coupling location
24, the aperture being filled with coupling fluid of the cou-
pling tluid layer 22 (see FIG. 2b). Each coupling location 1s
small compared to the total area of the interface between the
fluad tracking layer 16 and the light-guiding layer 11. That 1s,
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at any given time, the total cross-sectional area of all inter-
faces 26 between the coupling flmid layer 22 and the light-
guiding layer 11 at coupling locations 24 1s substantially
smaller than the total area of the interface between the fluid
tracking layer 16 and the light-guiding layer 11. For example,
the total cross-sectional area of all interfaces 26 can be less
than 10%, less than 5%, less than 2%, or less than 1% of the
total area of the interface between the fluid trackmg layer 16
and the light-gmiding layer 11. This ratio of areas 1s usetul 1n
that 1t results 1n only a substantially small amount of light
propagating through the light-gmiding layer 11 being able to
leak out of the light-guiding layer 11.

[0056] The reorienting layer 23 1s located at or near the
tocal plane of the optics used to focus the incoming light, and
focused light passes through the light-guiding layer 11 before
striking the surface of the reorienting layer 23. The incident
light rays 13 reflect off the surface and are deflected into
angles designed to improve coupling into the guided modes of
the light-guiding layer 11. Once properly re-oriented light
rays enter the light-guiding layer 11, they undergo total inter-
nal reflection at the light-guiding layer/cladding layer inter-
face and remain trapped in the light-guiding layer 11. The
reorienting layer surface can be a diffuse or scattering reflec-
tor, a tailored angular reflector, or other reflecting surface. It
an angular reflector 1s used, 1t can optionally employ the 120°
sawtooth mirror design shown 1n FI1G. 15, which 1s optimized
for focused light incident perpendicular to the light-guiding
structure.

[0057] Furthermore, the orientation of the mirrors along the
surface of a single reorienting layer 23 can be varied to
account for different incident angles of light. It the average
angular orientation of the incident light varies in a predictable
fashion across the reorienting layer, the onentation of the
minors can be varied across the reorienting layer to optimize
coupling 1n each location. That 1s, 1f the light-guiding struc-
ture 1s configured such that different locations along the light-
guiding structure receive mcoming focused light at different
angles, with each location receiving incoming light at
approximately the same angle each time light 1s 1ncident on
that location, the orientation of the minors at each location
can be varied to insure that light 1s coupled into the light-
guiding layer at an optimal angle at each coupling location 24.
FIG. 3 shows an example sawtooth minor reorienting layer 23
designed for incident light that 1s tilted away from perpen-
dicular incidence by an average angle .. The angle between
individual mirrors 18 remains 120°, but the mirrors are tilted
toward the incident light cone, forming angles of 30°x0/2 to
the plane 19 of the reorienting layer 23.

[0058] In addition to deflecting incident light at a desired
angle, the reorienting layer 23 also serves to hold the fluids of
the fluid tracking layer 16 in place, and to prevent the fluids
from leaking out of the structure. The reorienting layer 23 can
be made of any non-porous or substantially non-porous mate-
rial that can effectively confine the fluids withuin the fluid
tracking layer 16 and that provides the desired surface optical
properties and wetting characteristics. For example, specular
reflective surfaces may be created using a retlective metal
such as aluminum, or using other materials, such as glass,
plastic, or a polymer, covered with a reflective coating. Dii-
tuse retlective surfaces may be created using materials fea-
turing embedded light-scattering particles. The thermal con-
ductivity of the reorienting layer 23 will affect the spatial
temperature profile and therefore the thermocapillary
response characteristics of the system. The choice of material
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for the reorienting layer can therefore provide a tool to opti-
mize the thermocapillary response of the system.

[0059] Referring again to FIG. 25, local heating at the cou-
pling location 24 due to partial absorption of the focused light
causes a change 1n interface tension between the two fluids of
the fluid tracking layer 16, causing cladding fluid to flow
away Irom the hot spot. This produces a local thinning of the
cladding fluid layer 21 and can ultimately result i local
rupture of the cladding fluid layer 21. Rupture of the cladding
fluid layer 21 produces a high-refractive-index optical path
through the coupling fluid at the coupling location 24, as
shown 1n FIG. 2b6. That 1s, light entering the light-guiding,
structure at the coupling location 24 passes only through
high-refractive-index coupling fluid between the point at
which it reflects oif of the reorienting layer 23 and the point at
which it enters the light-guiding layer 11, thereby entering the
light-guiding layer 11 at an interface 26 between the light-
guiding layer 11 and coupling tluid of the coupling fluid layer
22. 11 the refractive index of the coupling fluid 1s about the
same as or greater than that of the light-guiding layer 11, the
incident light 13 entering the light-guiding layer 11 from the
coupling fluid layer 22 proceeds past the interface 26 at an
angle relative to the surface of the interface 26 which is about
the same as or less than the angle of the light ray in the
coupling fluid relative to the interface 26 just prior to reaching
the interface 26. Since the cladding fluid 21 has a lower
refractive index than the material of the light-guiding layer
11, light coupled into the light-guiding layer 11 as described
above (1.e., at a small angle relative to the interface 26) 1s
mostly or completely reflected back into the light-guiding
layer 11 every time 1t 1s incident on an interface between the
light-guiding layer 11 and the cladding fluid layer 21.

[0060] The rupture of cladding fluid layer 21 need not be
complete (not shown) 1n order to form a high-refractive-index
optical path at coupling location 24. A very thin film of
cladding fluid may remain on the surface of the light-guiding
layer 11 at the coupling location 24, provided this remaining
cladding tfluid 1s suificiently thin that 1t has a limited optical
elfect. That 1s, provided that light incident on interface 26 at
a small angle can at least partially transit the thin cladding
fluid layer and will not experience total internal reflection.
Partial transmission through such thin low-refractive-index
layers 1s known as evanescent coupling or frustrated total
internal reflection, and can occur for layers substantially thin-
ner than the wavelength of light. Hence the remaining thin
film of cladding fluid can be substantially thinner than the
smallest wavelength of light that the coupling device 1s con-
figured to collect. For example, the thickness of the remaining
film can be less than 50%, less than 25%, less than 10%, or
less than 1% of the smallest wavelength of light that the
coupling device 1s configured to collect.

[0061] When the focused light 13 1s removed, the interface
tension between the two fluids of the fluid tracking layer 16
causes cladding tluid to flow back into the thinned or ruptured
area and reforms the original layer structure shown in FIG.
2a. Local thinning and/or rupturing of the cladding fluid will
depend on the spatial temperature distribution, the interface
tension between the two fluids and the dependence of that
tension on temperature, and the 1nitial thickness of the clad-
ding tluid layer 21. The thickness of the cladding fluid layer
21 can therefore be designed as appropriate to optimize the
performance ol the overall system, provided it1s thick enough
to provide eflective optical cladding for the optical wave-
lengths of interest. The cladding fluid layer 21 and the cou-
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pling flmd layer 22 can each be between about 0.1 microns
and 100 microns thick, such as between 0.1 microns and 10
microns thick. Further, by using a non-planar chamber wall or
anon-planar tluid interface, the thickness of the cladding flmid
layer 21 can be varied across the chamber to provide different
retracting properties 1n different locations, 1f desired. In addi-
tion, a wide variety of surfactants can be added to any or all of
the flwmid layers, which can dramatically atfect the dependence
of the mterface tension on temperature.

[0062] Thelayered fluid structure of the flmid tracking layer
16 can be formed and stabilized using a variety of techniques,
including flmid separation due to density variation as well as
manipulation of the fluid tensions through the properties of
the fluids and the chamber walls. For example, 1n this design,
the surface of the light-guiding layer 11 that 1s in contact with
the cladding fluid layer 21 may be designed so that it 1s
preferentially wet by that fluid, while the reorienting layer 23
may be similarly designed so that it 1s preferentially wet by
the coupling fluid. Preferential wetting on the surfaces can be
achieved either by using materials for the light-guiding layer
11 and reorienting layer 23 that exhibit the desired wetting
properties, or by coating the surface of those elements with
coatings that change the wetting properties. Such coatings
include fluorinated materials and other coatings that change
the surface energy and wetting characteristics of a surface.

[0063] Ifthe layered structure of the fluid tracking layer 16
1s formed though manipulation of fluid tensions, 1t can be
stabilized by dividing the fluid interface into discrete seg-
mented areas (chambers) sufficiently small that fluid tension
forces dominate over gravitational effects. The interface
dimension below which fluid tension forces tend to dominate
gravitational effects 1s known as the “capillary distance” and
depends on the properties of the two fluids; it 1s typically
between 100 microns and 1 cm. In order to stabilize the tluid
layers via fluid tensions, the segmented interface areas should
not significantly exceed this distance 1n any dimension. That
1s, the length and width of each chamber 29 1n FIG. 2¢ can be
less than 1 cm, such as less than 3 mm, between 100 microns
and 1 cm, or between 100 microns and 3 mm. Alternatively,
the chambers 29 may have a non-rectangular shape, with the
longest chamber dimension being less than 1 cm, such as less
than 3 mm, between 100 microns and 1 cm, or between 100
microns and 3 mm.

[0064] The segmentation can be achieved using chamber
sidewalls 23, which protrude into the fluid tracking layer 16
and extend to the location of the fluid interface. The presence
ol the sidewalls permits the interface tension between the two
fluids to maintain the layer structure across the chamber area.
The sidewalls 25 may extend either from the surface of the
light-guiding layer 11 to the interface 28 of the coupling fluid
layer 22 and the cladding fluid layer 21 (not shown), or from
the surface of the reorienting layer 23 to the interface 28 (as
shown in FIGS. 2a and 25). Alternatively, the sidewalls 25 can
extend from the surface of the light-guiding layer 11 to the
surface of the reorienting layer 23 (not shown), such that the
coupling flmid layer 21 and the cladding fluid layer 22 are both
contained within the chamber 29. In implementations where
the chambers 29 are not directly contacting one another, 1.¢.,
there exists some spacing between adjacent chambers 29, the
sidewalls 25 can extend from the surface of the light-guiding
layer 11 all the way to the surface of the reorienting layer 23,
thereby allowing for all fluid of the fluid tracking layer 16 to
be contained by the sidewalls 235, the reorienting layer 23, and
the light-guiding layer 11. If the sidewalls 235 contact the

Mar. 8, 2012

light-guiding layer 11, they can be constructed of a reflective
or a low-refractive-index material in order to avoid loss of
guided light. For example, the sidewalls 25 can have a refrac-
tive index that 1s less than that of the light-guiding layer 11 or
1s about the same as that of the cladding fluid layer 22.
Depending upon the dimensions of the sidewalls and the
relative volumes of the two fluids of the fluid tracking layer
16, the fluid interface may be planar (as shown 1n FIGS. 2a
and 2b), or form a spherical cap.

[0065] The surface properties of the sidewalls 25 can influ-
ence the tfluid behavior at the sidewalls. Providing the side-
walls 25 with a surface that 1s preferentially wetted by the
fluid opposite the wall to which the sidewall 1s attached, as
shown 1n FIGS. 24 and 254, causes the fluid interface to ter-
minate on the sidewall, and the interface tension between the
two fluids maintains the layer structure across the chamber
area. Alternatively, 1f the sidewall 25 1s preferentially wet by
the fluid adjacent to the wall to which the sidewall 1s attached,
a thin wetting layer of that fluid may be present on the side-

wall 25.

[0066] Chamber sidewalls 25 can be optionally omitted
from the design, and the variation in surface properties that
defines the segmentation can be patterned directly onto the
walls of the fluid tracking layer 16 (not shown). For example,
the walls of the flwid tracking layer 16 may feature areas that
are preferentially wetted by one of the fluids, separated by
border areas preferentially wetted by the other tluid, without
the need for protruding sidewalls.

[0067] Regardless of the means of segmentation, the loca-
tion of the chambers 29 can be made independent of the
design or positions of the focusing elements, and the number
of chambers 29 need not correspond one-to-one with the
number of focusing elements, 1.e., the number of focusing
clements can be different than the number of chambers 29.
Optical coupling can occur at more than one hot spot within a
single chamber 29 if the optical system produces multiple
focal points within a single chamber 29. If no focal points are
present, then no optical coupling locations are produced and
low-loss propagation of guided light occurs across the entire
chamber area.

[0068] In order for automatic tracking to occur via the
thermocapillary effect, some light can be absorbed to produce
a local hot spot at the focal point. This light absorption can
occur in one or more ol the following elements: the light-
guiding layer 11, the reorienting layer 23, and the one or more
liquids within the fluid tracking layer 16. Some amount of
light absorption occurs naturally in each of these elements
depending upon the materials used for their construction, and
this natural absorption may provide suificient heating to pro-
duce the desired thermocapillary effect, depending upon
other elements of the system’s optical and thermal design.
Alternatively, absorption can be increased by adding absorb-
ing materials to any of these elements. For example, absorb-
ing dyes or pigments may be added to one or more of the
liquids 1n the fluid tracking layer 16, to the light-guiding layer
11, orto thereorienting layer 23. If desired, dedicated absorb-
ing layers can be included in the structure and located near the
focal plane.

[0069] The absorbing materials can be chosen to have an
absorption spectrum that preferentially absorbs incident light
at desired wavelengths. For example, 1f the system 1s designed
to collect sunlight for photovoltaic conversion, the properties
of the photovoltaic cell will dictate which wavelengths of
light can be efficiently converted into electricity and which
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(typically in the infrared and ultraviolet) cannot. Preferen-
tially absorbing those wavelengths that cannot be efliciently
converted 1nto electricity will ensure that more of the useful
light reaches the photovoltaic cell. Further, absorption of light
within the light-guiding structure that cannot be etficiently
converted into electricity by the photovoltaic device may
improve the performance of the photovoltaic cell by reducing
unnecessary heating of the photovoltaic device. Therelore,
while 1n general 1t 1s preferable not to introduce absorption in
the light-guiding layer 11 or cladding materials (cladding
layer 21, and possibly chamber sidewalls 25) as this will
create propagation loss for the guided light, 1f the absorption
spectrum 1s well-tailored then 1t may be desirable to do so 1n
order to control the output light spectrum.

[0070] An illustrative design of the coupling device of
FIGS. 24, 25, and 2¢ uses a fluorocarbon o1l with refractive
index of approximately 1.3 as the low-refractive-index clad-
ding material of cladding fluid layer 21 and a silicone o1l with
a refractive index of approximately 1.5 as the high-refractive-
index fluid of the coupling fluid layer 22. The surface of the
light-guiding layer 11 which 1s adjacent to the tluid tracking
layer 16 1s treated with a fluorinated coating to produce a low
energy surface that 1s preferentially wet by the fluorocarbon
o1l. The fluorocarbon o1l forms a layer preferably between
approximately one-tenth micron and ten microns thick, and
the silicone o1l forms a layer which can be thicker than the
fluorocarbon o1l, such as between one and fifty microns thick.
Theinterface between the two tluids 21 and 22 1s stabilized by
chamber sidewalls 235 that are preferentially wet by the fluo-
rocarbon o1l and that pin the fluid interface at the chamber
edges. The chamber dimensions are near or preferably below
the capillary distance for the fluids, which 1s approximately
one millimeter, so that interface tension forces dominate over
gravitational forces. A sawtooth retlective reorienting surface
23, such as 1llustrated in FIG. 3, 1s employed.

[0071] A variation of the design of FIGS. 2a-2¢, shown 1n
FIG. 4, employs a transmissive, rather than a retlective reori-
enting layer 33. In this vanation, the transmissive reorienting
layer 33 and fluid tracking layer 16 are placed between the
focusing elements (not shown) and the light-guiding layer 11.
The incident light rays 13 transit through the transmissive
reorienting layer 33 and emerge on the other side at substan-
tially ditferent angles designed to improve coupling into the
guided modes of the light-guiding layer 11. The transmissive
reorienting layer 33 may operate through a variety of optical
elfects, including refraction, reflection, and diffraction.

[0072] A number of designs for the transmissive reorient-
ing layer 33 are possible, depending upon the intended appli-
cation. One such design 1s an 1sotropic diffuser that spreads
incident light evenly over a wide range of output angles. Not
all of these light rays will be coupled 1nto the light-guiding
layer 11, but a diffuser has the advantage of being largely
insensitive to changes in the angle of the incident light. An
1sotropic diffuser may therefore be a good choice as a trans-
missive reorienting layer 33 when a wide tolerance to the
angle and placement of the focused light spot 1s desired and
when a lower coupling efficiency can be accepted.

[0073] If the light source characteristics are further con-
strained, more elficient transmissive reorienting layers 33 can
be utilized. For example, 1f the average angular orientation of
the 1incident light 13 1s fixed, an array of prisms 34 can be
employed as a transmissive reorienting layer 33. These
prisms 34 can be designed to bend the incident light rays 13 so
that they couple into the light-guiding layer 11, as shown in
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FIG. 5. Such a prism array can be tailored to the incident light
characteristics 1in order to provide optimized light-guide cou-
pling. A uniform prism array can efficiently couple light at a
predetermined range of angles where the location of the focus
spot 1s allowed to vary across the chamber.

[0074] Another type of application may produce an 1nci-
dent light cone whose angular orientation or solid angle varies
in a predictable fashion as the focus spot moves across the
chamber. An example 1s the use of static lenses to concentrate
sunlight and focus 1t 1nto a spot on the transmissive reorient-
ing layer 33: as the angle of the sun changes, the spot of
focused light will move across the transmissive reorienting
layer 33, and 1n each location will strike the reorienting layer
at a different range of incident angular orientations. In this
situation, the transmissive reorienting layer 33 can be tailored
in each location for the corresponding incident angles of light.
For example, 1f a prism structure 1s employed, 1ts design can
be varied across the chamber to account for variation 1n the
orientation or solid angle of the light cone produced by the
external focusing optics as the focus spot moves over the
reorienting layer. In other words, the shape, size, and/or
geometry ol the prisms 34 of the prism array can vary
throughout the transmissive reorienting layer 33.

[0075] Another vanation of the design of FIGS. 2a-2c,

shown 1n FIG. 6, reverses the position of the fluids 1n the fluid
tracking layer 16, such that at least a portion of the coupling
fluid layer 22' 1s between the cladding fluid layer 21 and the
light guiding layer. In this orientation, the coupling fluid layer
22' 1n combination with the light-guiding layer 11 serve to
guide light through the light-guiding structure, the guided
light being transported through the bulk portion of the light-
guiding layer 11 and through a bulk portion of the coupling
fluad layer 22'. The high-refractive-index coupling fluid then
torms the light-guide core, or a portion of the light-guide 1t the
top material 11 has a similarly high refractive index (as shown

in FI1G. 6). The guided light travels within the high refractive
index flmd 22', and the cladding fluid of cladding fluid layer
21 15 1n contact with the reorienting layer 23. This geometry
may be employed with either a reflective reorienting layer 23
(as shown 1n FIG. 6) or a transmissive reorienting layer 33
(not shown).

[0076] Yet another variation, shown i FIG. 7, uses a track-
ing layer 16 which includes three fluid layers 21, 22, and 27.
Thelow-refractive-index cladding fluid layer 21 1s adjacent to
the light-guiding layer 11. A high-refractive-index coupling
fluad 22 fills the middle of the tracking layer. A layer of fluid
containing a high concentration of absorbing materials, 1.e.,
an absorbing fluid layer 27, 1s placed adjacent to and/or con-
tacting the reorienting layer 23. Both fluid interfaces 28 and
29 may be stabilized by controlling surface properties and
optionally by utilizing chamber sidewalls 25 that extend from
both walls of the tracking layer. The middle coupling fluid 22
1s immiscible or partially miscible with both the cladding
fluid and the absorbing fluid. When focused light falls upon
the fluid tracking layer 16, 1t produces high local heating in
the absorbing fluid. This causes both the absorbing fluid and
the cladding fluid to thin or rupture, producing a transparent
high-refractive-index optical path between the reorienting
layer 23 and the light-guiding layer 11. As long as the focused
light 1s present 1n the same location, the return of these fluids
1s inhibited by heat that 1s generated 1f the absorbing fluid
re-enters the focal area.
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10077]

[0078] As illustrated 1n FIGS. 8-12, an apparatus for cou-
pling light into a light-guiding structure can make use of
thermocapillary effects not primarily to thin a fluid film but to
cause lateral fluid motion. In this design, the tracking layer 1s
divided by chamber sidewalls 25 mto an array of microfluidic
chambers, so that a single microflmidic chamber 1s associated
with each focusing element. FIG. 8 shows only a single cham-
ber. The chamber contains a small droplet of fluid (*coupling,
droplet” 44) with high refractive index, preferably about the
same as or greater than that of the light-guiding layer 11,
thereby providing a high refractive index light path hnkmg
the reorienting layer 33 to the light-guiding layer 11 at the
coupling location 24. The volume of the coupling droplet 44
1s chosen so that its area 1s approximately matched to the size
of the focused light spot, and the chamber height (1.e., the
thickness of cladding flmid layer 41) 1s suificiently small to
flatten the surface of the droplet and prevent 1t from taking on
a spherical-cap shape, but sufliciently large to provide
adequate light-gmide cladding. The thickness of cladding
fluid layer 41 can be between about 0.1 microns and 500
microns, such as between 0.1 microns and 10 microns or
between 10 microns and 100 microns. The remainder of the
chamber volume contains cladding fluid of a cladding fluid
layer 41, which can for example be a second immiscible or
partially miscible fluid of lower refractive index, or simply air
or vapor, the cladding fluid layer 41 acting as cladding for the
light-guiding layer 11.

[0079] The chamber can employ sidewalls 25 to ensure that
the droplet remains confined within the area across which the
tocal point may vary. The sidewalls 25 may traverse the entire
fluid tracking layer 16 and contact the light-guiding layer 11,
in which case they may be made of a material with a low
refractive index in order to provide a cladding function where
they contact the light-guiding layer 11. Alternatively, a reflec-
tive minor surface (not shown) may be placed at the junction
of the light-guiding layer and the chamber sidewalls 25 1n
order to ensure that guided light does not exit the light-
guiding layer 11 and enter the chamber sidewalls 25. In a
close-packed array of chambers within a flmd tracking layer
16, the sidewalls 25 may be made to protrude only part of the
way 1into the tracking layer (not shown), providing a suificient
barrier to prevent the droplet from crossing into aneighboring,
chamber while still permitting cladding fluid, 1f present, to
flow between the chambers.

[0080] Droplet motion can be produced via the thermocap-
illary effect. Partial absorption of the incident focused light 13
produces a local temperature rise at the location of the
tocused light, 1.e., coupling location 24, and a temperature
gradient surrounding that location. The temperature gradient
causes unequal surface tension on the sides of the droplet 44
(or interface tension 1f a cladding fluid 1s utilized), which
causes the droplet 44 to move toward the focal point. The
direction and speed of droplet motion in response to the
temperature gradient will depend on the change 1n the surface
tension of the liquid (or the interfacial tension between the
two liquids) as a function of temperature, and also on the
contact angle formed by the droplet with the chamber walls.
These can be varied through the choice of chamber wall
material, the application of surface coatings to the chamber
walls, the choice of liquids, and the introduction of surfac-
tants 1n one or both liquids. Examples of immiscible or par-
tially miscible liquids that could be used are aqueous solu-
tions, water-soluble fluids, hydrocarbon oils, silicone oils,
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organic compounds, and fluorocarbon oils. Surface coatings
could include fluorinated low-surface-energy coatings. A
wide variety of surfactants can be added to the fluids, which
can dramatically affect the dependence of the interface ten-
sion on temperature. The materials used to construct and
house the system can be engineered to provide thermal prop-
erties that optimize the temperature gradient profile for fluid
movement.

[0081] Thereorienting layer 33 shown 1n FIG. 8 1s of trans-
missive design. The incident light rays transit through the
transmissive reorienting layer 33 and emerge on the other side
at different angles designed to improve coupling into the
guided modes of the light-guiding layer 11. Once properly
coupled light rays enter the light-guiding layer 11, they
undergo total internal retlection at the light-guiding layer/
cladding layer interface and remain trapped 1n the light-guid-
ing layer 11. The reorienting layer 33 may operate through a
variety of optical effects, including refraction, reflection, and
diffraction, as previously described.

[0082] Another implementation, shown in FIG. 9, uses a
reflective reorienting layer 23 instead of a transmissive one.
In this design, both the fluid tracking layer 16 and the reori-
enting layer 23 are located on the opposite side of the light-
guiding layer 11 from the source of the focused light 13. The
reorienting layer 23 1s located at or near the focal plane of the
external optics, and focused light passes through the light-
guiding layer 11 before striking the reorienting layer 23. The
reflective reorienting layer 23 can be a diffuse or scattering
reflector, a tailored angular reflector, or other reflecting sur-
face, as previously described.

[0083] In another implementation, shown 1n FIG. 10, the
reorienting layer 1s eliminated, and reorientation of the
focused light occurs instead within the coupling droplet 54
itself. Hence, coupling droplet 54 serves to redirect the 1nci-
dent light rays 13 as well as to allow them to be coupled into
the light-guiding layer 11. A layer of transparent material 46
1s used to contain the tracking fluid where the reorienting
layer had been placed 1n the previous implementations. To
make the coupling droplet 54 serve as a reorienting element,
optically active materials can be suspended within the liquid
of the droplet. These can be, for example, particles that scatter
incoming light, reflective materials such as metal flakes, or
refractive materials that diffuse light. The optically active
materials are designed so that they disperse within the cou-
pling droplet liquid but not within the cladding flmd. For
example, o1l-dispersible white pigment particles may be used
as a scattering medium and dispersed 1n a coupling droplet 54
made of o1l, while an immiscible aqueous solution 1s used to

provide the low-refractive-index cladding fluid of cladding
fluad layer 41.

[0084] The tracking layer 16 can be located between the
focused light source and the light-guiding layer 11 if the
coupling/reorienting droplet 54 provides a refractive or trans-
missive scattering effect (as shown in FIG. 10), or opposite
the light source 1f the reorienting droplet provides a reflective
or reflective scattering effect. In the latter case, the use of a
coupling/reorienting droplet 54 rather than areorienting layer
provides the freedom to use a highly-absorbing layer as a
heat-generating mechanism. As shown in FIG. 11, absorbing
layer 48 1s placed on the opposite side of the tracking layer 16
from the light-guiding layer 11 and may optionally serve as a
wall for containing the tracking layer tluids. When the cou-
pling/reorienting droplet 54 1s properly located at the focus of
the light, 1t obscures the absorbing layer 48 and very little heat




US 2012/0056081 Al

1s generated. When the droplet 54 1s not properly located,
however, the focused light 13 strikes the highly absorbing
layer 48, resulting 1n high local heating that provides a strong
driving force for droplet motion, thereby attracting the drop-
let 54 to the coupling location 24.

[0085] A further varniation upon this design 1s to use the
tracking flmid layer 16 as part, or all, of the light-guide. This
1s achieved by embedding the coupling/reorienting droplet 54
in an immiscible or partially miscible fluid that 1s of similar
refractive index to that of the coupling/reornienting droplet 54.
The walls containing the fluid layer may also be of similar
refractive index, in which case they too form part of the
light-guide, or they may be of substantially lower refractive
index and form cladding for the liquid light-guide layer.

[0086] Another variation 1n design for reflective devices 1s
to use a total of three immiscible or partially miscible fluids in
the device: one high refractive index fluid 44 for the coupling
droplet and two fluids 41 and 48 1n a layered structure within
the remaiming area of the tracking layer, as shown in FI1G. 12.
Thetluid layer 41 adjacent to the light-guiding layer 11 serves
as light-guide cladding and provides a low refractive index
and high transparency for low-loss light-guiding. The fluid 48
adjacent to the reorienting layer 23 can include a high con-
centration of absorbing materials. When the coupling droplet
44 1s properly located at the focus of the light, the absorbing
fluid 48 1s outside the light path and therefore very little heat
1s generated. When the droplet 44 1s not properly located,
however, the focused light strikes the highly absorbing fluid
of the absorbing layer 48, resulting 1n high local heating that
provides a strong driving force for droplet motion, causing the
droplet 44 to move to the location where the light beam 13 1s
incident.

[0087] The layered fluid structure 16 can be stabilized

using a variety of techniques, including fluid separation due
to density variation as well as manipulation of the fluid ten-
sions through the properties of the fluids and the chamber
walls 25, as described previously. If the chamber walls 25 are
used to stabilize the tluid layers through tluid tension, then the
spacing between chamber walls 25 must be near or below the
capillary distance, such as less than about 1 cm apart. Since
the chamber walls also serve to confine the movement of the
coupling droplet 44, the capillary distance therefore sets an
approximate upper limit on the distance that the coupling
droplet 44 can be made to travel using this design.

[0088] Coupling Device Designs with Floating Reorienting
Elements
[0089] In the design of FIG. 13, liquid within the tracking

chamber forms part or all of the light-guide core. Reorienting
layers are not used, and instead light reorientation occurs at
the site of moveable elements within the tracking layer 16. In
the device shown 1n FIG. 13, the tracking layer 16 contains a
light-guiding layer 71 formed of a high-refractive index flmd
that provides light-guiding and also contains small reorient-
ing droplets 73 or vapor bubbles within the fluid. These drop-
lets 73 or bubbles are suiliciently small that they are substan-
tially spherical 1n shape and are not flattened against the
tracking layer walls (1.¢., the interface between the fluid track-
ing layer 16 and cladding wall layers 72), and that many
droplets 73 or bubbles packed together can occupy the cou-
pling location 24, which again can be about the same size as
the focal spot of the incoming light beam 13. The reorienting,
droplets 73 or bubbles may be stabilized with the use of
surfactants in the light-guiding fluid layer 71. If vapor bubbles
are used, they may be permanent features or may be generated
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locally at the hot spot through the choice of a light-guiding
fluid with an approprate boiling point. In some implementa-
tions, no bubbles or droplets 73 are present 1n the absence of
incoming focused light or other local heating mechanisms,
but in the presence of a focused incoming beam, the incoming
light 13 heats the light-guiding fluid to a temperature suifi-
cient to generate reorienting bubbles. A sufficient tempera-
ture can be at, near, slightly below, or above the boiling point
of the light-guiding fluid. If droplets are used, they may be
made of a transparent low-refractive index fluid. The substan-
tially spherical surfaces of the low-refractive-index droplets
73 or bubbles located at the hot spot serve to scatter the
focused light, reflecting and refracting 1t so that the light 1s
reoriented and can be guided by the light-guiding layer 71 as
shown.

[0090] Altematively, optically active materials such as
reflecting or refracting particles may be suspended in the
droplets 73 to provide the reorienting function, 1n which case
the refractive index of the droplets may be varied, as refrac-
tion and reflection at the mterface of the droplets 73 and the
fluid of the light-guiding layer 71 1s not required to provide
the reorienting function. Also, 1f optically active materials are
added the dimensions of the reorienting droplets 73 are no
longer constrained. If desired, larger and fewer droplets may
be used, such that they flatten against the chamber walls.

[0091] Thermocapillary forces will naturally attract vapor
bubbles toward a hot spot, and, with appropniately chosen
fluids and chamber geometry, suspended droplets 73 can also
be attracted to the hot spot. In this design, the bulk fluid of the
tracking layer 16 also serves as the light-guide. The walls 72
containing the fluid may be of lower refractive index and
therefore serve as light-guide cladding (as shown 1n FI1G. 13),
or of higher refractive index and therefore serve as part of the
light-guide, with guided light traveling both through the bulk
of the wall material 72 and through the fluid of the light-
guiding layer 71. A highly absorbing layer 48 may optionally
be employed, as also shown 1n FIG. 13.

[0092] In a vanation on this design, the fluid tracking layer
16 contains two layers of immiscible or partially miscible
fluids 71 and 41, as shown 1 FIG. 14. The two-layer fluid
structure may be formed and stabilized using a variety of
techniques, including fluid separation due to density varia-
tion, as well as manipulation of the surface properties of the
light-guide, reorienting layer, and chamber sidewalls. In the
example shown i FI1G. 14, chamber walls 72, with a surface
that 1s preferentially wet by the upper tfluid 71 (1.e., the fluid of
the light-guiding layer 71), are used to stabilize the layer
structure. The chamber walls 72 shown in FIG. 14 serve as
part of the light-guide, although as 1n FIG. 13, they could be
formed of a lower index material and function as light-guide
cladding.

[0093] Suspended at the interface between the fluid layers
71 and 41 are one or more reorienting elements 74. The
reorienting elements 74 may be reflective or refractive par-
ticles that collect at the interface or a small piece of an opti-
cally-active film, as depicted 1n FIG. 14. For example, a thin
plastic film containing angled retlector features which has
been treated to be hydrophilic on one surface and hydropho-
bic on the other surface can be suspended at the interface
between an aqueous solution and an o1l.

[0094] When a hot spot 1s created at a coupling location 24
in the tracking layer 16 by partial absorption of the focused
light 13, the interface tension between the two liquids 1s

atfected. The local variation 1n interface tension creates tluid
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flows at the interface. With properly chosen fluids and cham-
ber dimensions, convective fluid flow toward the hot spot will
occur and the optically-active reorienting elements 74 sus-
pended at the mterface will collect automatically at the hot
Spot.

[0095] The two fluids 71 and 41 may be chosen with sub-

stantially different refractive indices so that one (layer 71)
serves as either part or all of the light-guide core, while the
other (layer 41) serves as a cladding layer. Or they may be
chosen with more closely matched refractive indices so that
both serve as light-guide core while cladding 1s provided
either by the walls 72 of the tracking layer or the outside
medium.

[0096] Ifthe reornienting elements 74 provide a retlective or
reflective-scattering effect, the design provides the freedom
to use a highly-absorbing layer 48 as a heat-generating
mechanism, as shown. This layer 1s placed outside the clad-
ding, whether the cladding 1s provided by a fluid layer, the
solid wall of the tracking layer, or an exterior layer of low
refractive index. In the example shown in FI1G. 14, the lower
fluid layer 41 provides the cladding function and the highly-
absorbing layer 48 1s used as a tracking layer wall. Also 1n the
example shown 1n FIG. 14, both the upper fluid layer 71 and
the upper containing wall 72 have a high refractive index and
act as light-guiding material. When the reorienting element or
clements 74 are properly located at the focus of the light, they
obscure the absorbing layer 48, and very little heat 1s gener-
ated. When the reorienting element or elements 74 are not
properly located, however, the focused light 13 strikes the
highly absorbing layer 48, resulting 1n high local heating that
provides a strong driving force for fluid flow at the liquid
interface, resulting in the reorienting element 74 being drawn
to the coupling location 24.

10097]

[0098] The focused light spot size may vary depending
upon 1ts location across the chamber. For example, 11 a fixed
lens 1s used to focus sunlight onto the chamber, the spot size
can change as the angle of incident light varies due to focus-
ing aberrations. One solution to this problem 1s to use a larger
volume coupling or reorienting droplet 1n order to 1improve
light capture when the focus spot 1s large, but this will incur
unnecessary additional light-guide losses when the focus spot
1s small. Instead, 1t 1s desirable to vary the size of the coupling
site automatically as it moves across the chamber. This can be
accomplished by varying the height of the chamber across 1ts
area, as shown in FIG. 15. The area of the coupling location
24, 1.e., the area of coupling droplet 44, will increase where
the chamber 1s narrow (1.e., where cladding fluid layer 41 1s
thinner) and decrease Where the chamber 1s wider (1.e., where
cladding tluid layer 41 1s thicker). The example shown in FIG.
15 produces a smaller coupling area 1n the center of the
chamber and a larger coupling area toward the edges. The
example shown 1n FIG. 15 uses the coupling device design of
FIG. 9, where an additional high-index fill material layer 82 1s
included between portions of the cladding fluid layer 41 and
the reorienting layer 23 to create regions of varying thickness
of cladding flmid layer 41. This technique can also be applied
to the other designs described herein. The design shown in
FIG. 15 maintains a flat reorienting layer 23 and provides a
varied chamber height by adding additional transparent mate-
rial 82 with a high refractive index (approximately matched to
that of the light-guiding layer 11 and the coupling droplet 44).
Alternatively, the reorienting layer 23 can be curved as well,
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following the shape of the chamber and eliminating the need
for additional material layer 82.

[0099] In some applications, the external focusing optics
may not produce focused spots that occupy a flat focal plane.
In order to compensate for this, the flat light-guiding layers
and flat tracking layers described so far can be replaced by a
curved light-guiding layer and curved tracking layer, as
shown 1n FIG. 16. FIG. 16 shows the curved light-guiding
layer 91 and curved tracking layer, which includes curved
cladding fluid layer 92 and coupling droplet 44, implemented
with the design of FIG. 9, but 1t can also be applied with the
other designs described herein. Layer 93 1s a curved reorient-
ing layer. If the light-guiding structure 1s curved, 1ts dimen-
s10mns can be chosen to minimize light-guide loss that results
from the curvature.

[0100] Integration of Coupling Devices with Focusing
Optics
[0101] The tracking coupler device designs described

above can be integrated as a single device or as an array of
devices, and can be independently matched with a single
focusing element or focused light source, or with an array of
focused light sources. When using an array of focusing ele-
ments to capture direct beam optical energy, the focusing
clements can be refractive, reflective, or diffractive, or can
consist of combinations of different elements. If using cou-
pling device designs based on lateral thermocapillary motion,
such as those of FIGS. 8 through 15, a single chamber may
optionally be matched with each focusing element 1n an
array; however, i using coupling device designs based on
thermocapillary film thinning, such as those ot F1G. 2,4, 6, or
7, the chambers need not match one-to-one with the focusing
clements. Two exemplary designs for arrays are presented
below, but many combinations are possible.

[0102] FIG. 17 depicts an example application of the light-
tracking coupling device of FIG. 2 combined with an array 96
of lenses 95 formed 1n a sheet. The lenses 95 within the array
96 provide focused light (light rays are omitted from the
figure for the sake of clanty). A cladding layer 94 of low
refractive index 1s between the lens array sheet 96 and the
light-guiding layer 11. The cladding layer 94 may be made of
a fluoropolymer material with refractive index of approxi-
mately 1.3, or of another material of low refractive index.
Alternatively, the cladding may be provided by vacuum, atr,
or a vapor or liquid of appropriately low refractive index.

[0103] While this figure and subsequent figures depict only
a single lens surface used for light focusing, the system may
also be designed with focusing systems comprised of mul-
tiple lenses and/or other optical elements. Furthermore, while
the example ol F1G. 17 uses the coupling device of FIG. 2, any

of the tracking coupling device designs disclosed herein
could be utilized.

[0104] FIG. 18 shows an example using an array 98 of
curved reflective minors 97 as the focusing elements and
utilizing coupling devices similar to those of FIG. 14.
Because the use of reflective focusing surfaces canrequire the
tracking-coupling device to be largely transparent, they are
best paired with those coupling device designs that utilize
mobile reorienting elements 74 rather than fixed reorienting
layers. In this design, a single focusing element 97 1s matched
with each chamber. Within each chamber, a reflective reori-
enting element 74 1s suspended at the interface between a
light-guiding fluid 71 and a cladding fluid 41. The fluids are
enclosed by the light-guiding layer 11 on one side and a
transparent window layer 99 on the other side. Incoming light
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(not shown for the sake of clarity) enters the structure through
the outer surface of the transparent window layer 99 and
passes through the fluid layers 41 and 71, the light-guiding,
layer 11, and a cladding layer 94. The light 1s then reflected
and focused by the focusing elements 97, after which it 1s
coupled 1nto the light-guiding structure. The thermal proper-
ties of the system may optionally be designed to limit thermal
cross-talk between neighboring chambers, for example by
separating the chambers with a thermal insulator. Depending
upon the optical design of the lenses and the array, at some
incident light angles the focused light from one minor may
enter the chamber matched to a neighboring mirror. In order
to capture light at this angle of incidence, the reorienting
clements 74 are designed to capture, with some efficiency,
light cones 1incident either from the associated minor or from
neighboring minors.

[0105] FIG. 19 depicts an example array system designed
with a curved light-guiding layer 11 to follow the curved focal
plane of the focusing lenses 101. A coupling device design
similar to that of FIG. 9 1s employed 1n this example, although
many of the other designs can also be implemented with a
curved light-guide. Cladding layers 94 are shown on the
exposed portions of the light-guiding layer 11, but these could
also be left uncovered so that air serves as the cladding mate-
rial. A narrow light-guide can be utilized to minimize light
loss from the light-guide curvature.

[0106] The array systems described above can be made to
flex and bend 11 they are produced using suificiently thin and
flexible materials, or if they are segmented 1n locations to
allow tlexing. Because the fluid tracking layer provides auto-
matic tracking of the focused light from each focusing ele-
ment, each focusing element can be differently oriented with-
out compromising performance of the entire collector. Thus,
flexible or foldable concentrating optical energy collection
systems are enabled. Such systems can be rolled or folded for
portability and then unrolled or unfolded for use, with no need

to be held flat or rigid during operation.

[0107] FIG. 20 shows a design 1n which both focusing and
reorientation are performed by a single optical surface 103, so
that the light rays 13 arrive at the tracking layer 16 both
focused into a small area and oriented for light-guide cou-
pling. The focusing and reorienting element 103 1s a tailored
sawtooth reflecting surface, which 1s embedded 1n a high-
refractive-index material 104 to provide a continuous high-
refractive-index pathway for reflected light rays 13 to enter
the light-guiding layer 11 1n coupling regions 24. While the
coupling regions 24 1n FIG. 20 are shown to include a cou-
pling droplet 44 contained within a cladding fluid layer 41, as
in FIG. 8, any of the coupling region structures described
herein, and the layers used to form them, can be implemented
as 1n FI1G. 20 with a single focusing and reorienting element
103. Other optical designs are also possible to provide com-
bined focusing and reorientation utilizing reflective, refrac-
tive, and/or diffractive elements.

[0108] Array System Vanations for Increased Angular
Acceptance
[0109] The focusing optics may only produce a well-de-

fined focal spot over a limited range of incident light angles.
For solar light collection, a very wide range of acceptance
angles 1s desired, especially along the east-west axis, across
which the sun traverses a wide angular range each day. A wide
range ol acceptance angles may also be desired in other
applications. In order to increase the range of incident angles
over which direct-beam light can be collected, the angular
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orientation of the focusing elements can be varied across an
array. FIG. 21 shows an example in which single-surface
lenses 107 are arrayed along a curved surface to form a lens
array 106 so that the optical axes of the lenses vary, thus
extending the angular acceptance range of the entire array
106. As the incident angle of light varies, different lenses 107
will receive a different intensity of illumination based upon
their orientation to the angle of incidence. The curvature of
the surface ensures that each individual lens will not be shad-
owed by other elements when 1t 1s aligned to recerve maxi-
mum light (when the angle of incident light coincides with the
optical axis of the lens). This arrangement of lenses can be
repeated 1n an array to tile a surface area, as shown 1n FI1G. 21.

[0110] The focal length of the lenses along the surface can
be varied so that the focal point of all the lenses lie in the same
plane, permitting the use of a planar light-guiding layer 11
and tracking layer 16. The surface curvature can be applied 1n
one dimension only, or 1n two dimensions if desired. FIG. 21
shows seven lens elements 107 arrayed along the curved
surface, but the number of elements can be made larger or

smaller as desired. The example shown in FIG. 21 extends the
angular acceptance of the focusing system 1n a symmetric
tashion centered on incidence perpendicular to the light-guid-
ing structure, but asymmetric lens arrangements may also be
produced, 1T desired, 1n order to match the angular variation of
the light source. FIG. 21 shows the focusing array variation
implemented with single-surface lenses, but the same prin-
ciples can be applied with other focusing schemes, including
reflecting focusing minors and designs that focus light
through multiple optical elements. In general, any of the
light-guiding structures described herein can be paired with
the array 106 of focusing elements 107 shown 1n FIG. 21.

[0111] Another approach to increasing the range of angular
incidence over which light can be collected 1s to vary the
orientation of the entire system, including the plane of the
light-guiding layer. FIG. 22 shows an example 1n which four
planar segments 112 of an example planar light-guide con-
centrator system are deployed at varying orientations. Each of
the four segments 112 includes a lens array 96, a cladding
layer 94, and a light-gmiding and tracking portion 110. The
four segments 112 are differently oriented, so that each one
accepts light from a different range of incidence angles with
minimal shadowing of each other. The different segments can
be connected by a bend 1n a continuous light-guide or by an
optical element such as a prism or mirror that connects the
light-guides of two segments. Alternatively, receiving ele-
ments (such as photovoltaic cells and associated optics) can
be placed 1n the joining locations. A larger or smaller number
of segments can be used as desired. This orientation of seg-
ments can be repeated 1n an array.

[0112] Another variation 1s to use a continuous curved
array rather than a segmented planar array, as shown in FIG.
23. The scale over which the segmentation or curvature of the
array takes place can be chosen at will, as the optical etfects
are mdependent of scale as long as any curvature 1s small
enough that large light-guide propagation loss 1s not intro-
duced. The curvature or segmentation can be applied 1n one
dimension only, or in two dimensions 1f desired. The optical
properties of the focusing elements of array 96 can also be
varied across the array to account for varying angles of inci-
dent light based on shadowing eflects along the array. While
FIGS. 22 and 23 show systems with light-guiding layers
which have varying orientations throughout implemented
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with single-surface lenses, the designs can be applied with
other focusing schemes as well.

[0113] This approach can also be combined with that of
FIG. 21. FIG. 24 shows an example where lenses of lens
arrays 106 are present on a surface with small-scale local
curvature as well as larger-scale curvature that follows the
curvature of the light-guiding and tracking layers 110. The
small-scale curvature shown in FIG. 21 could also be com-
bined with the segmented planar light-guide design described
carlier 1n this section and 1llustrated in FIG. 22. FIG. 24 shows
the use of a uniform small-scale variation 1n lens arrangement
across the larger array, however the small-scale curvature and
lens arrangement can also be tailored depending upon posi-
tion within the larger array, so that the angular acceptance
enhancement provided by the small-scale variation 1s, 1n each
location, optimized for the locally-available angles of inci-

dent light.

[0114] The principles described 1n this section allow the
light collection efliciency of the system as a function of 1nci-
dence angle to be tailored as desired. For example, in a solar
energy system, the design can be optimized to collect the
maximuim total sunlight over the course of a day. As another
example, the design can be optimized to collect sunlight with
an elliciency that 1s close to uniform over a broad range of
angles, so that light incident on the recerving element 1s held
approximately constant.

[0115] Integration of Array into a Complete Optical Energy
Collection System

[0116] To complete an optical energy collection system, the
light-guide or light-gmiding layer of a tracking-concentrating
array 1s connected to a recerver such as a photovoltaic cell,
thermal load, or other light-gathering device. Additional opti-
cal elements may be placed between the light-guide and the
light-gathering device to provide further concentration or to
bend the light rays or provide other functions to match the
light output from the light-guide to the recerver or recervers.
This system can then either be mounted on a low-cost
mechanical tracker that provides coarse alignment to the light
source, or deployed without a tracker altogether. The system
may be used 1 sunlight as a solar energy collection system.
By eliminating the need for precise tracking, the disclosed
devices enable solar concentration systems with greatly
reduced complexity and cost. The system may also be used
with other light sources, including laser beams used to trans-
ter power from a remote location.

[0117] FIG. 25 15 a perspective view of an exemplary opti-
cal energy collection system. This example uses a planar
array of lenses 96 to focus light rays 13 from a light source
114 (e.g., the sun, a laser beam, or another light source). The
fluidic tracking layer 16 1n combination with the reorienting
layer 23 serve to capture the focused light 1n the light-guide
11. A recerver 113 1s mounted on the edge of the light-guide
to recerve the guided light. The recerver may be a photovoltaic
cell or another recerving element. The entire structure is
mounted on a supporting element 115 which may include
mechanical tracking features to tilt the structure toward the
incident light 1n order to improve light capture.

[0118] FIG. 26 shows a cross-sectional view of a second
exemplary optical energy collection system. This example
uses the curved lens array of FIG. 21 to capture light rays 13
from light source 114. The tfluidic tracking layer 16 1n com-
bination with the reorienting layer 23 serve to capture the
tocused light 1n the light-guide 11. In thus example, recerver
113 1s mounted on the bottom face of the light-guide 1n order
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to recerve the guided light. The flmdic layer 16 and reorient-
ing layer 23 are interrupted in the location of the recerver. As
betore, the receiver may be a photovoltaic cell or another
receiving element. It may also feature additional optical ele-
ments to further confine or direct the light. Although the
receiver 1s mounted on the bottom face of the light-guide in
FIG. 26, 1t may also be mounted on the top face. In that case,
the lens array 106 and upper cladding 94 must be interrupted
in the location of the receiver so that the recetver may be
attached directly onto the light-guide

[0119] Flud Motive Force Variations

[0120] The thermocapillary effect 1s only one of a number
of mechanisms that can be used to move liquids within
microfluidic chambers. It 1s a very convenient mechanism to
use 1n cases where a high light intensity 1s present (as when
concentrating sunlight), because a strong temperature gradi-
ent can be automatically generated at the edge of the focal
spot that can provide automatic light tracking. Other mecha-
nisms are also possible, and may be preferred 1n other appli-
cations where the light intensity 1s lower or where 1t 1s desired
to provide at-will control over coupling (e.g. switching cou-
pling on and off) rather than a simple light-tracking function.
Electrowetting and dielectrophoresis techniques move liquid
in response to an applied electric field. These techniques
could be utilized 1n the tracking chambers described herein by
providing an array of electrodes embedded 1n the chamber
wall and by applying voltage to specific electrodes to atiect
the desired fluild movement. Depending on the chamber
design, the electrodes may need to be made of a conducting
maternial that 1s transparent to the incident light, such as
indium tin oxide. In an array of chambers on a common
light-guide, corresponding electrodes could be wired 1n par-
allel so that fluid motion occurs 1n all chambers 1n unison. An
clectronic control system would provide the required voltage
signals to the electrodes. Such devices could be used to con-
trol light coupling both in and out of a light-guide as desired.

[0121] A number of implementations have been described.
Nevertheless, as will be understood by those familiar with the
art, the present invention may be embodied 1n other specific
forms without departing from the spirit or essential charac-
teristics thereof. Accordingly, the disclosures and descrip-
tions herein are intended to be 1llustrative, but not limiting, of
the scope of the invention which is set forth 1n the following
claims.

What 1s claimed 1s:

1. An apparatus configured to couple light into a light-
guiding structure, the apparatus comprising:

a fluid tracking layer between a reorienting element and a
light-gmiding layer, the light-guiding layer being
capable of transporting light in a first direction through a
bulk portion of the light-guiding layer, wherein said fluid
tracking layer 1s comprised of a cladding flmid layer and
a coupling tluid layer; wherein

in the absence of a narrow light beam incident the cladding
fluid layer 1s comprised of a continuous layer substan-
tially free of any voids or apertures; and

in the presence of a narrow light beam incident on the
reorienting element and forming a coupling location, the
cladding fluid layer 1s comprised of an aperture at or
adjacent to the coupling location.

2. The apparatus of claim 1, wherein the aperture 1s at least
partially filled with coupling fluid of the coupling fluid layer.
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3. The apparatus of claim 1, wherein the cladding fluid
layer 1s between at least a portion of the coupling fluid layer
and the light-guiding layer.

4. The apparatus of claim 1, wherein the coupling fluid
layer or the cladding fluid layer 1s contained within a chamber
having a chamber sidewall.

5. The apparatus of claim 4, further comprising a plurality
of chambers, wherein each chamber comprises a coupling
fluid layer or a cladding fluid layer.

6. The apparatus of claim 1, wherein at least a portion of the
coupling fluid layer 1s between the cladding tluid layer and the
light-guiding laver.

7. The apparatus of claim 6, wherein the coupling fluid
layer in combination with the light-guiding layer serve to
guide light through the light-guiding structure, the guided
light being transported through the bulk portion of the light-

guiding layer and through a bulk portion of the coupling fluid
layer.

8. The apparatus of claim 6, wherein the coupling fluid
layer serves to guide light through the light-guiding structure,
the guided light being transported through a bulk portion of
the coupling tluid layer.

9. The apparatus of claim 1, further comprising an absorb-
ing fluid layer between the reorienting element and the light-
guiding layer.

10. The apparatus of claim 1, wherein the coupling fluid
layer 1s comprised of a first fluid and the cladding fluid layer

1s comprised of a second fluid that 1s immiscible or partially
miscible with the first fluad.

11. The apparatus of claim 1, wherein the coupling fluid
layer 1s comprised of a first fluid that 1s selected from the
group ol materials consisting ol aqueous solutions, water-
soluble fluids, hydrocarbon o1ls, silicone oils, organic com-
pounds, and fluorocarbon oils, and wherein the cladding tluid
layer 1s comprised of a second fluid that 1s selected from the
group ol materials consisting ol aqueous solutions, water-
soluble fluids, hydrocarbon o1ls, silicone oils, organic com-
pounds, and fluorocarbon oils.

12. The apparatus of claim 1, wherein the light-gmiding
layer has a first refractive index, the cladding fluid layer has a
second refractive index which 1s less than the first refractive
index, and the coupling fluid layer has a third refractive index
which 1s greater than the second refractive index.

13. The apparatus of claim 1, wherein the reorienting layer
1s configured to deflect the incident light beam 1nto the light-
guiding layer at a substantial angle relative to a propagation
direction of the imncident light beam.

14. The apparatus of claim 1, wherein the light-guiding
layer 1s comprised of a matenal selected from the group of
materials consisting of glasses or polymers.

15. The apparatus of claim 1, wherein the reorienting ele-
ment 1s comprised of a reorienting layer.

16. The apparatus of claim 15, wherein the reorienting
layer reflects or refracts incident light.

17. The apparatus of claim 15, wherein different portions
ol the reorienting layer are configured to detlect incident light
at different angles.

18. The apparatus of claim 15, wherein the reorienting
layer 1s formed of a substantially non-porous material.

19. The apparatus of claim 15, wherein a surface of at least
one of the reorienting layer or the light-guiding layer 1s coated
with a coating that changes a wetting property of the surface.
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20. The apparatus of claim 15, wherein the reorienting
layer 1s a transmissive layer and 1s configured to be positioned
between the light-guiding layer and the incident focused
light.
21. The apparatus of claim 20, wherein the reorienting
layer comprises a prism array.
22. The apparatus of claim 135, wherein the reorienting
layer 1s a reflective layer comprising a sawtooth minor.
23. The apparatus of claim 22, the sawtooth mirror being
configured to couple incident light that 1s tilted away from
perpendicular incidence by an average angle o 1nto the light-
guiding layer, wherein idividual minors of the sawtooth
mirror form angles of 30°x0/2 relative to a plane of the
reorienting layer.
24. 'The apparatus of claim 1, wherein the coupling region
1s located at or adjacent to a local temperature extremum
within the light-guiding structure.
25. The apparatus of claim 1, wherein a portion of the
incident focused light 1s absorbed at or adjacent to the cou-
pling location.
26. The apparatus of claim 25, wherein the absorption of
the imncident focused light results 1n a local temperature maxi-
mum at or adjacent to the coupling location.
277. The apparatus of claim 1, wherein the light coupled 1nto
the light-guiding structure 1s sunlight or laser light.
28. An apparatus configured to couple light into a light-
guiding structure, the apparatus comprising:
a light-guiding layer being capable of transporting light 1n
a first direction through the light-guiding layer; and

a coupling region adjacent to or within the light-guiding
layer and serving to couple incoming light into the light-
guiding layer at a substantial angle relative to a propa-
gation direction of the incoming light; wherein

the coupling region 1s located at or adjacent to a local

temperature extremum within the light-guiding struc-
ture, and the position of the coupling region can be
adjusted by varying the location of the local temperature
extremum.

29. The apparatus of claim 28, wherein the local tempera-
ture extremum 1s a local temperature maximum.

30. The apparatus of claim 29, wherein the local tempera-
ture maximum results from heating by absorption of the
incoming light.

31. The apparatus of claim 30, wherein the incoming light
1s Tocused mcoming light or laser light.

32. The apparatus of claim 31, wherein the coupling region
1s self-aligned with the focused imncoming light or laser light.

33. The apparatus of claim 28, wherein a cross-sectional
area ol the coupling region 1s substantially smaller than a
cross-sectional area of the light-guiding laver.

34. The apparatus of claim 28, wherein the light-guiding
layer comprises a fluid containing one or more reorienting
clements.

35. The apparatus of claim 34, further comprising a clad-
ding wall layer contacting a side of the light-guiding layer.

36. The apparatus of claim 34, wherein the reorienting
clements are droplets or bubbles.

377. The apparatus of claim 28, further comprising a device
configured to accept the light transported through the light-
guiding layer after 1t exits the light-guiding layer.

38. The apparatus of claim 37, wherein the device 1s a
photovoltaic cell or a photodetector.

39. The apparatus of claim 37, the device being configured
to accept light of a range of wavelengths, wherein the light-
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guiding layer 1s largely transparent to light having a wave-
length within the range of wavelengths.

40. The apparatus of claim 28, further comprising a fluid
tracking layer adjacent to the light-gmiding layer.

41. The apparatus of claim 40, wherein the tfluid tracking,
layer comprises one fluid or two or more immaiscible or par-
tially miscible fluids.

42.The apparatus of claim 40, wherein the coupling region
1s at least partially within the flmd tracking layer.

43. The apparatus of claim 40, wherein the fluid tracking
layer comprises a cladding fluid layer having a lower refrac-
tive index than a refractive index of the light-guiding layer.

44. The apparatus of claim 28, further comprising a reori-
enting element serving to reorient light which 1s coupled into
the light-guiding structure.

45. The apparatus of claim 28, further comprising a focus-
ing element serving to focus light which 1s coupled 1nto the
light-guiding structure.

46. The apparatus of claim 45, wherein the focusing ele-
ment comprises one or more lenses or one or more mirrors.

47. The apparatus of claim 45, the focusing element com-
prising a plurality of lenses or mirrors, wherein the lenses or
minors are arrayed along a curved surface.

48. A device comprising at least two segments, each of the
at least two segments comprising the apparatus of claim 28.

49. The device of claim 48, wherein the at least two seg-
ments are coupled to each other and are configured 1n varying,
orientations.

50. The apparatus of claim 28, wherein the light-guiding
structure 1s planar.

51. The apparatus of claim 28, wherein the light-guiding
structure 1s curved.

52. An apparatus configured to couple incident light into a
light-guiding structure, the apparatus comprising:

a cladding fluid layer having a first refractive index adja-
cent to a light-guiding layer having a second refractive
index, the light-guiding layer being capable of transport-
ing light in a first direction through a bulk portion of the
light-guiding layer; and

a coupling droplet having a third refractive index at least
partially 1n the cladding fluid layer; wherein

the coupling droplet 1s comprised of a first fluid and the
cladding fluid layer 1s comprised of a second fluid dii-
ferent from the first fluid and 1immiscible or partially
miscible with the first fluid.

53. The apparatus of claim 52, wherein the coupling drop-
let 1s free to move through the cladding fluid layer.

Mar. 8, 2012

54. The apparatus of claim 52, wherein the second and third
refractive indexes are each greater than the first refractive
index.

55. The apparatus of claim 52, wherein the apparatus 1s
configured such that the incident light 1s coupled into the
light-guiding layer at a substantial angle relative to a propa-
gation direction of the incident light.

56. The apparatus of claim 52, further comprising a reori-
enting element serving to reorient light which 1s coupled into
the light-guiding structure.

57. The apparatus of claim 56, wherein the reorienting
clement 1s a reorienting layer.

58. The apparatus of claim 52, wherein the coupling drop-
let further serves to redirect the incident light.

59. The apparatus of claim 52, wherein the cladding fluid
layer 1s contained within a chamber having a chamber side-
wall.

60. The apparatus of claim 59, further comprising a plural-
ity of chambers, wherein each chamber comprises a coupling
droplet.

61. The apparatus of claim 52, further comprising an
absorbing layer.

62. The apparatus of claim 61, wherein the absorbing layer
1s a fluid absorbing layer.

63. The apparatus of claim 52, wherein the light-guiding
layer 1s a tluid light-guiding layer.

64. The apparatus of claim 63, further comprising a wall
layer contacting the fluid light-guiding layer.

65. The apparatus of claim 64, wherein the wall layer 1s a
cladding layer having a refractive index which 1s smaller than
the second refractive index.

66. The apparatus of claim 64, wherein the wall layer 1s an
additional light-guiding layer having a refractive index which
1s about the same as or greater than the second refractive
index.

677. The apparatus of claim 63, wherein the coupling drop-
let 15 at least partially 1n the fluid light-guiding layer.

68. The apparatus of claim 52, wherein a thickness of the
cladding fluid layer varies throughout the layer.

69. The apparatus of claim 52, wherein the light-guiding
structure 1s curved.

70. The apparatus of claim 52, further comprising one or
more lenses configured to focus the incident light.

71. The apparatus of claim 70, a focal plane of at least one
of the one or more lenses being curved, wherein the light-
guiding structure lies along the curved focal plane of the at
least one of the one or more lenses.
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